We analyze quiet-time data from the Gravity Field and Ocean Circulation Explorer satellite as it overpassed the Southern Andes at z ≃ 275 km on 5 July 2010 at 23 UT. We extract the 20 largest traveling atmospheric disturbances from the density perturbations and cross-track winds using Fourier analysis. Using gravity wave (GW) dissipative theory that includes realistic molecular viscosity, we search parameter space to determine which hot spot traveling atmospheric disturbances are GWs. This results in the identification of 17 GWs having horizontal wavelengths H = 170-1,850 km, intrinsic periods Ir = 11-54 min, intrinsic horizontal phase speeds c IH = 245-630 m/s, and density perturbations ′ ∕̄∼ 0.03-7%. We unambiguously determine the propagation direction for 11 of these GWs and find that most had large meridional components to their propagation directions. Using reverse ray tracing, we find that 10 of these GWs must have been created in the mesosphere or thermosphere. We show that mountain waves (MWs) were observed in the stratosphere earlier that day and that these MWs saturated at z ∼ 70-75 km from convective instability. We suggest that these 10 Gravity Field and Ocean Circulation Explorer hot spot GWs are likely tertiary (or higher-order) GWs created from the dissipation of secondary GWs excited by the local body forces created from MW breaking. We suggest that the other GW is likely a secondary or tertiary (or higher-order) GW. This study strongly suggests that the hot spot GWs over the Southern Andes in the quiet-time middle winter thermosphere cannot be successfully modeled by conventional global circulation models where GWs are parameterized and launched in the troposphere or stratosphere.
Introduction

MW Propagation and Breaking
Mountain waves (MWs) are created when wind flows over a mountain. If the wind is steady-state in time, then the MWs have ground-based phase speeds that are equal to zero. If the background wind is conducive to MW propagation, then a MW's amplitude grows exponentially in altitude because the background density decreases exponentially in altitude (Hines, 1960) . Eventually, however, a MW's amplitude becomes too large, causing the MW to break from convective instability at the altitude where Lindzen, 1981) . Here u ′ H = √ (u ′ ) 2 + (v ′ ) 2 is the horizontal wind perturbation of the MW, u ′ and v ′ are the zonal and meridional wind perturbations, c H = r ∕k H is the ground-based horizontal phase speed, r = 2 ∕ r is the ground-based frequency, k H = √ k 2 + l 2 = 2 ∕ H , H is the horizontal wavelength, k, l, and m are the zonal, meridional, and vertical wave numbers, respectively, 
where N B is the buoyancy frequency, = 2Ω sin Θ, Ω = 2 ∕24 hr is the Earth's rotation frequency, is the latitude, and Ir is the intrinsic frequency:
Equation (3) can be rewritten as
The last term in the denominator, f∕k H , is typically small for MWs, even at high latitudes where |f| is maximum. For example, at 40
• S, f = −9.35 × 10 −5 rad/s, which corresponds to an inertial period of |2 ∕f| = 18.7 hr. For a MW with H = 250 km, |f∕k H | = 4m/s, which is typically negligible in comparison to the strong 100-150 m/s winds in the mesosphere and lower thermosphere (MLT; e.g., Larsen, 2002 , Larsen et al., 2003 . Since a MW has c H ≃ 0, as the background wind gets quite small (|U H | → |f|∕k H ), |m| → ∞ in equation (5), and the MW's vertical wavelength | z | decreases rapidly to zero. This causes the MW to break just before reaching the critical level. Regardless of the mechanism which causes the MW to break, however, once a MW breaks, momentum and energy are deposited into the background flow. This process results in the excitation of smaller-amplitude secondary GWs having H larger than that of the MWs (Vadas et al., 2003 .
Because the amplitudes of the diurnal and/or semidiurnal tides are large in the MLT, there are large wind reversals in this region (Larsen, 2002; Larsen et al., 2003 ; Figure 13 of . Thus, if a MW has survived to the mesopause region, it will not be able to propagate to the turbopause (at z ∼ 107 km) and into the thermosphere because it will reach a critical level at some altitude within the extreme wind environment in the MLT. Thus, MWs cannot propagate into the thermosphere.
Hot Spot GWs and TADs Over the Southern Andes
The Andes Mountains is the longest continental mountain range in the world (∼7,000 km), runs along the western coast of South and Central America, has an average height of ∼4 km, and has widths of 200-700 km. Mount Aconcagua is the tallest mountain at nearly 7 km and is located in Argentina at 32
• S and 70
• W. The Andes Mountains are divided into three sections. The southern section is called the Southern Andes and is located in Argentina and Chile, south of the Llullaillaco Volcano at 24
• S and 68
note that these MWs weaken considerably in the mesosphere. Indeed, Trinh et al. (2018) showed that the GW hot spot in SABER (over the Southern Andes) weakened considerably at z = 75 km and disappeared completely at z = 85-90 km in JJ 2010-2013. This observation supports the model result that the MWs over the Southern Andes typically break and attenuate near the stratopause .
Surprisingly, a wintertime "GW" hot spot over the Southern Andes is also seen in the thermosphere. Indeed, during geomagnetically quiet times, in situ wintertime data from Gravity Field and Ocean Circulation Explorer (GOCE) show a pronounced traveling atmospheric disturbance (TAD) hot spot at z ∼ 250 km at ∼20-60
• S over South America (Forbes et al., 2016; Liu et al., 2017; Trinh et al., 2018) . (Here we use the term "TAD hot spot" instead of "GW hot spot" because GWs cannot be directly identified from in situ satellite measurements.) Additionally, geomagnetically quiet-time data from the Challenging Minisatellite Payload (CHAMP) show a very strong and longitudinally wide TAD hot spot at z ∼ 280-450 km and at ∼30-70
• S over South America in June during solar minimum and maximum years during 2001 (Park et al., 2014 Trinh et al., 2018) . These wintertime GOCE and CHAMP TAD hot spots in the thermosphere at z ∼ 250-450 km are quite surprising because MWs cannot propagate into the thermosphere (see section 1.1). Trinh et al. (2018) showed that the TAD hot spot over the Southern Andes in GOCE and CHAMP data correlated well with the GW activity below 75 km and that the GW hot spot weakened and disappeared in SABER at 75-90 km. With regard to the positive correlation, they wrote "Two coupling mechanisms are likely responsible for these positive correlations: (1) fast GWs generated in the troposphere and lower stratosphere can propagate directly to the T/I [thermosphere/ionosphere] and (2) primary GWs with their origins in the lower atmosphere dissipate while propagating upwards and generate secondary GWs, which then penetrate up to the T/I and maintain the spatial patterns of GW distributions in the lower atmosphere." Vadas (2007) showed that GWs launched from the troposphere typically dissipate from molecular viscosity at z < 250 km (pink dashed lines in left column of Figure 4 of that paper) and that such high altitudes are only attained for GWs with very large intrinsic phase speeds of c IH > 200m/s (yellow solid lines in left column of Figure 5 of that paper), where c IH = c H − U H . There is no known prolific source of GWs having such large phase speeds in the troposphere over the winter Southern Andes; therefore, it is unlikely that GWs from the troposphere could have created the GOCE and CHAMP GW hot spots. Additionally, larger-scale secondary GWs excited where MWs dissipate only have horizontal phase speeds of c H ∼ 50-60 m/s . Since GWs with c IH ≤ 100m/s dissipate at or below z ≤ 175 km (Figures 4 and 5 of Vadas, 2007) , it is unlikely that secondary GWs could have created the GOCE and CHAMP TAD hot spots. What then is the source of these wintertime TAD hot spots over the Southern Andes?
In order to answer this question, it is first necessary to identify which of the hot spot TADs are GWs. We then need to determine the intrinsic parameters of the GWs (e.g., H , c IH , and azimuth ) and reverse ray trace the GWs to their possible sources. This is the investigation we undertake in this paper. A companion paper analyzes new wintertime modeling results over the Southern Andes from a high-resolution, GW-resolving global circulation model that has recently been extended into the thermosphere (Vadas & Becker, 2019) . That paper finds that tertiary GWs are excited in the mesosphere and thermosphere over the Southern Andes; these tertiary GWs are generated from the local body forces created from dissipation of secondary GWs that are excited from local body forces created from MW breaking in the stratopause region.
In this paper, we perform a detailed analysis of the quiet-time hot spot TADs observed by GOCE on 5 July 2010 at 23 UT as GOCE overpassed the Southern Andes. In section 2, we create a composite map of the quiet-time GOCE TADs in JJA. In section 3, we use discrete Fourier transforms to extract the 20 largest TADs as GOCE overpassed the Southern Andes. In section 4, we search parameter space to determine which TADs are GWs using the GW dissipative polarization and dispersion relations. We then determine the intrinsic properties of the identified GWs. We ray trace these GWs to their possible sources in section 5. In section 6, we examine satellite and other data to determine whether MWs were present and if they broke over the Southern Andes earlier that day. A discussion and our conclusions are provided in sections 7 and 8, respectively.
GOCE Measurements and TADs
The European Space Agency GOCE mission was dedicated to precisely measure the gravity field of Earth. It was launched into a polar 0600/1800 local time (LT) Sun-synchronous orbit on 17 March 2009 and reentered on 11 November 2013. Air density and cross-track winds were derived independently from the accelerome-VADAS ET AL. GOCE GRAVITY WAVES OVER THE SOUTHERN ANDES ter data and thruster accelerations via modeling radiation, satellite area, and orientation (Bruinsma, 2013; Bruinsma et al., 2014; Doornbos, 2016; Doornbos et al., 2013 Doornbos et al., , 2014 . The data processing involved conversion of the ion thruster activation data to accelerations, and iterative adjustment of the wind direction and air density inputs using an aerodynamic model of the satellite, until the model aerodynamic accelerations matched the observations. We use the V1.5 GOCE density and cross-track wind data, which is available from November 2009 to October 2013. To extract the TADs, we first calculate "background" latitudinal profiles of the density,̄, and cross-track wind,ū xtrack , by applying a low-pass Butterworth filter to the GOCE density and cross-track wind u xtrack . We then calculate the density and cross-track wind perturbations, ′ = −̄and u ′ xtrack = u xtrack −ū xtrack , respectively, for along-track horizontal scales of the perturbations of track ≤ 1, 000 km. Figure 1 shows the averaged global density and cross-track wind perturbation amplitudes in JJA [2009] [2010] [2011] [2012] [2013] 10.1029/2019JA026693 for both ascending and descending nodes, binned on a 5
• × 5
• grid. Here we only include data with Kp < 3 to minimize contamination from TADs created by large geomagnetic activity. The area that contains the largest-amplitude density perturbations in the winter hemisphere is the region over the Southern Andes. This wintertime hot spot has average density perturbations of | ′ |∕̄∼ 1-2%. This hot spot also occurs in the cross-track wind with average perturbation amplitudes of |u ′ xtrack | ∼ 5-15 m/s. There are also two single-bin density hot spots near Madagascar and the Antarctic Peninsula. Finally, there is a summertime hot spot in the United States over the North America Great Plains that may be due to deep convection. This hot spot coincides with the stratospheric GW hot spot from Atmospheric Infrared Sounder (AIRS) during -2011 (Figures 6 and 7 of Hoffmann et al., 2013 , and Hoffmann and Alexander (2010) demonstrated a high correlation between deep convection and AIRS GWs over the North America Great Plains. Note that Figure 1 is in rough agreement with previous results (Forbes et al., 2016; Liu et al., 2017; Trinh et al., 2018) . Gross et al. (1984) used the phase shifts and amplitude ratios of the O and N 2 perturbations to estimate the propagation directions (to within 180
GW Dissipative Dispersion and Polarization Relations
• ) of GWs observed by the Atmospheric Explorer-C satellite. Innis and Conde (2002) determined the GW propagation directions to within 90
• from Dynamics Explorer 2 satellite measurements. Although this latter method included compressibility, it did not take into account viscous dissipation. Vadas and Nicolls (2012) generalized these approaches by including full compressibility and realistic molecular viscosity in the GW dispersion and polarization relations (originally derived by Vadas & Fritts, 2005) . With this method, the phase shifts and amplitude ratios between 2 or more components of a GW (i.e., between w ′ , u ′ xtrack , ′ , and T ′ ) are used to determine H , z , Ir , and the GW propagation direction.
We now briefly review the GW dissipative compressible dispersion and polarization relations derived by Vadas and Nicolls (2012) . These relations are for medium-and high-frequency GWs, for which the Coriolis force can be neglected. At high latitudes, this occurs for GWs with periods less than 5-6 hr . The zonal, meriodional, and vertical velocities of a GW are (u ′ , v ′ , w ′ ), and the density and temperature perturbations are ′ and T ′ , respectively. Additionally, the horizontal velocity perturbation along the GW's direction of propagation is u
We assume GW solutions of the form
where k = (k, l, m) is the wave number vector in geographic coordinates and r is the observed (i.e., ground-based) frequency. We define the "hatted" GW perturbation components as
whereT and̄are the background temperature and density, respectively, and̄0 is the background density at a reference altitude. The compressible dissipative GW polarization relations (substitutingũ → û,ṽ →v, w →ŵ,ũ H → û H ,T∕T →T and̃∕ 0 →̂into Equations (15)- (17) and (20) of Vadas & Nicolls, 2012) are then
is the buoyancy frequency, B = 2 ∕N B is the buoyancy period, Pr is the Prandtl number, = ∕̄is the kinematic viscosity, is the molecular viscosity, c s is the sound speed,  is the density scale height, = C p ∕C v is the ratio of specific heats, C p and C v are the mean specific heats at constant pressure and volume, respectively, p = r T is the pressure, r = 8, 308∕X MW m 2 ·s −2 ·K −1 , X MW is the mean molecular weight of the particle in the gas (in g/mole), and g is the gravitational constant. In addition, I is the complex intrinsic frequency:
where Ir is the usual intrinsic frequency and Ii is the GW decay rate (in time). I is determined via solving the compressible, complex, dissipative dispersion relation (Equation (12) of Vadas & Nicolls, 2012) :
Finally, a = 0 or 1, depending on whether we include the bulk viscosity in addition to the shear viscosity in the viscous stress tensor (see Equation (1) in Vadas & Nicolls, 2012) . Setting a = 0 yields the original relations derived in Vadas and Fritts (2005) . In this paper, we set a = 1.
The zonal and meridional wave numbers determine the horizontal GW propagation direction. Namely,
where is the azimuth angle clockwise from north. Here k > 0 is eastward, k < 0 is westward, l > 0 is northward, and l < 0 is southward.
If a GW propagates much slower than the sound speed and before it begins to dissipate from viscosity, we can substitute c s → ∞ and ∼ 0 in equation (21). We then obtain the usual anelastic GW dispersion relation for medium-and high-frequency GWs:
Once this GW begins to dissipate in the thermosphere, however, equation (23) is no longer valid, and one must use equation (21) instead.
As an example, we choose the background atmosphere from section 4.3 at z = 277 km to beT = 727 K,  = 35.4 km, B = 11.1 min, = 1.62, c s = 752m/s, and Pr = 0.62, with = 8.83 × 10 5 m 2 ∕s. We set (9)- (13)) and because the GOCE GWs have periods less than 1 hr (see section 4). For a given GW with wave number vector (k, l, m), we determine the real and imaginary components of its complex frequency, I = ( Ir , Ii ), via solving equation (21) iteratively using Newton's method. We then plug these values into the GW dissipative polarization relations, equations (9)- (13), to get the relationships between u
In Figure 2 , we show snapshots (as functions of y) of the perturbation components of large-scale "example" GWs propagating northeastward, southeastward, northwestward, and southwestward at this altitude. We choose these example GWs to have H = 1, 286 km, Ir = 33.3 min, x = ±2, 500 km, y = ±1, 500 km, and z = −800 km. Here x = 2 ∕k, y = 2 ∕l, and z = 2 ∕m are the zonal, meridional, and vertical wavelengths, respectively. Note that we choose large | z | compared to GWs typical in the lower and middle atmosphere because viscous dissipation removes GWs with small z in the lower thermosphere (Vadas, 2007) . We show the zonal velocity (û), meridional velocity (v), vertical velocity (ŵ), density (̂), and temperature (T) perturbations from equations (9), (10), (12) and (13) 
and
′ for these GWs from equations (11) and (13) Although it turns out that most GWs follow the phase relationship shown in Figure 2 , as we will see in section 4.3, other phase relationships can occur for medium-scale GWs with extremely large vertical wavelengths and with intrinsic frequencies quite close to the buoyancy frequency: Ir ∼ N B . These GWs have |m| quite close to 0 (or | z | → ∞), which occurs when an upward-propagating GW is quite close to reflecting downward (e.g., . Such a GW can propagate deep into the thermosphere (Vadas, 2007) . In Figure 3 , we show snapshots of a medium-scale example GW with H = 201 km, Ir = 11.4 min, x = ±340 km, y = ±250 km, and z = −10, 000 km. The absolute value of the phase shift between u ′ H and ′ from equations (11) and (13) is 44.5 • . Because | z | is so large, this GW is close to reflecting downward because |m| ∼ 0 and Ir ∼ B . In a z − t plot measured by a ground-based observer, this GW's phase lines would be close to vertical at this altitude. GWs having nearly vertical phase lines and extremely large | z | were observed over Poker Flat, Alaska, during the winter; however, because of changes in the background wind and temperature with altitude, this phenomenon occurred over shallow vertical depths of only 10-30 km (see Figures 2 and 8 of Vadas & Nicolls, 2009 ). Therefore, we can still apply our theory here (i.e., assume that c s , , etc, are constant in z) as long as the vertical depth of the region where the GW's phase slopes are nearly vertical is not too large. Figures 3a and 3b show that if this medium-scale, high-frequency example GW propagates southeastward
is maximum along the track, and the maxima of In Figure 4 , we show snapshots of a somewhat smaller medium-scale example GW with H = 170.5 km, Ir = 11.3 min, x = ±280 km, y = ±215 km, and z = −10, 000 km. The absolute value of the phase shift between u ′ H and ′ from equations (11) and (13) 
GOCE Hot Spot TADs and Identified GWs Over the Southern Andes on 5 July 2010
4.1. Layout of a GW Observed In Situ by a Satellite Figure 5 shows a sketch of a satellite moving at an azimuth (clockwise from north). Because this satellite is moving northwestward, is negative. It also shows a northwestward-propagating GW having an azimuth and horizontal wavelength H . The distance between the maxima of the GW perturbations along the satellite track is track . Because the satellite does not align in general with the GW propagation direction, track ≥ H . We define the angle between the satellite path and the GW propagation direction to be , where
Since
if can be determined and track is measured, we can then calculate H from equation (25).
Extraction of TADs From GOCE Density and Cross-Track Wind
On 5 July 2010 at 23 UT during orbit 13, GOCE was traveling northwestward over South America, as shown in Figure 6a . Because Kp < 3, geomagnetic activity was not significant at this time. Figure 6b shows GOCE's path as a function of longitude and latitude along the chosen track length (solid line); this is the track length we analyze below. GOCE's azimuth was = −11.365
• at this time. The distance along this track length from 53
• to 20
• S is also shown as a function of latitude in Figure 6b (solid line and upper x axis). The total distance along this track length is 3,822 km. The average distance between data points is ∼75 km. We also show the satellite altitude as a function of longitude (dashed line and right-hand y axis). We see that GOCE's altitude decreased from z ∼ 280 to 270 km along the track length. Figure 6c shows the total density ( ) and the linear fit to (which is defined as the background densitȳ) as functions of latitude. The increase of̄occurs because of the decrease of the satellite's altitude along the track length (see Figure 6b) . Figure 6d shows the total cross-track wind (u xtrack ) and the linear fit to u xtrack (defined as the background cross-track windū xtrack , which mainly reflects the zonal background wind here) as functions of latitude.ū xtrack is positive (i.e., is mainly eastward), with an average amplitude of ∼110 m/s. (Note that the mean GOCE cross-track winds are known to be somewhat too large in the northern hemisphere [Dhadly et al., 2017] , although the applicability of this result to the southern hemisphere is unknown.)
We now extract the TADs from this data. | peak at the same locations along the satellite track (see Figures 2-4 
Determining Which TADs Are GWs and Determining the Intrinsic Parameters of the Identified GWs
In this section, we use GW dissipative theory to determine (1) which GOCE TADs are GWs and (2) (Hedin, 1991) . Figure 9 shows this background atmosphere, along with the background zonal and meridional winds from the Horizontal Wind Model 14 (Drob et al., 2015) .
At z = 277 km and 40
• S, we obtainT = 727 K,̄= 1.28 × 10 We set Pr = 0.62 because this value most closely reflects the thermal diffusivity in the thermosphere for z < 500 km (Vadas & Crowley, 2017) . Note that the NRLMSISE-00 value for̄agrees reasonably well with GOCE's observed value of̄= 9.68 × 10
g/m 3 . Additionally, the background wind from the Horizontal Wind Model 14 is mostly eastward with U = 141 m/s andV = −22 m/s, which agrees reasonably well with the approximate eastward direction ofū xtrack measured by GOCE (see Figure 6d ). The standard formula for the molecular viscosity is where n i is the number of molecules per cubic meter of the ith species (Equations (14.34)-(14.40) in Banks & Kockarts, 1973 Vadas and Crowley (2017) found that if equations (26) or (27) are used for , then a serious discrepancy results between GW dissipative theory and several data sets. They found that this discrepancy arises because is too large for z ≥ 220 km and argued that this likely occurs because the mean free path is a significant fraction of the density scale height at z ∼ 220 km. They explored several different functional forms for and found reasonably good agreement between GW theory and data if is given by
where z = 220 km and = 2. Here (z ) and̄(z ) are the values of and̄at z = z , respectively. This functional form for results in | z | increasing less rapidly with altitude at z > 220 km than predicted theoretically by Vadas (2007) ; this has been observed at the Arecibo Observatory (Figure 13a of Nicolls et al., 2014) . We utilize equation (28) here, because it likely better represents the molecular viscosity in the thermosphere. At GOCE's time and location, equation (28) yields = 8.83 × 10 5 m 2 ∕s. This is the value we use here.
We now combine equations (11) and (13) to obtain the complex polarization relation between ′ and u ′ H for GWs propagating in a background atmosphere defined by the parameters given in the first paragraph of section 4.3. (Note that this is the same background atmosphere as used in Figures 2-4 Figure 10 . Given an exact phase shift and amplitude ratio between ′ and u ′ H , it is clear that H , z , Ir , and the propagation direction can be determined uniquely from Figure 10 . For all medium-and large-scale GWs with H > 300 km and for all medium-scale GWs with H < 300 km and | z | ≤ 1, 000 km (dashed lines in Figure 10a ), the propagation directions are given by the qualitative results of Figure 2 . That is, (1) Figures 3 and 4 . Note that because of the "discontinuity" in the phase shift at H ∼ 100-300 km and | z | ∼ 1,000-10,000 km (see Figure 10a ), the propagation direction may not be uniquely determined after error bars have been included for these GWs.
We now assume that the phase shifts and amplitude ratios between ′ and u ′ H in Figure 10 are correct for all of the GWs observed by GOCE over the chosen track length. Figure 11 shows the results of a rough analysis used to determine if TADs 2, 4, and 7 were GWs, and if so, what their intrinsic parameters were. For each TAD, we know track and the phase shift and amplitude ratios between ′ and u ′ xtrack (see Table 1 ). Using Figure 5 , is related to the measured amplitude ratio via
where the subscript "0" refers to the GW amplitude, and the subscript "meas" refers to the measured values. We perform two nested do loops which range over all theoretical GWs having H = 80 to 5,000 km and | z | = 20 to 40,000 km in Figure 10 . For each theoretical GW, we calculate what would be from equation (32) if the GW had the same amplitude ratio as that of the TAD (column 6 of Table 1 ). (Here the ratio in square brackets in equation (32) is computed from the GW dissipative polarization relations (i.e., the values are taken directly from Figure 10b ), and the ratio in curly brackets is taken from column 6 of Table 1 . Note that we do not include the error bars on this ratio for this rough estimate; these errors are included below using a more complete analysis method.) We then use equation (25) to calculate what track would be for each theoretical GW if it had this assumed amplitude ratio. Figure 11a shows the resulting calculated values of track (long dashed dark green lines) for the theoretical GWs having the assumed amplitude ratio for TAD 2. We also overplot the phase difference between ′ and u ′ H for these theoretical GWs (dashed blue lines). These dashed blue lines are the same as the dashed blue lines in Figure 10a . At this point, only the measured amplitude ratio for TAD 2 has been used to constrain the parameters of the theoretical GWs. We now include TAD 2's measured phase difference of 53.5 ± 1.2
• and track = 1, 910.7 km from Table 1. Figure 11b shows a blowup of Figure 11a for the relevant region which includes these values. The hatched boxes show where the theoretical GW phase shift and calculated track overlap with the measured phase difference and measured track for TAD 2. Because there are regions of overlap, we conclude that TAD 2 was a GW. We also overplot the GW intrinsic period Ir and azimuth (determined from equation (24)) in Figure 11b . From the overlap regions, we estimate that GW 2 propagated southeastward with an azimuth of ∼ 152-155
• and had H = 1,820-1,880 km, | z | = 200-300 km, Ir =53-55 min, and an intrinsic horizontal phase speed c IH ≡ Ir ∕k H = 550-600 m/s. Figures 11c and 11d shows the corresponding result for TAD 4. Because there is an overlap region, we conclude that TAD 4 was a GW. We estimate that GW 4 propagated southwestward with = −144
• to −142 rectify this as follows. For each TAD, we propagate the error in (100 ′ ∕̄a vg )∕u ′ xtrack and in the phase shift to the derived GW parameters via performing Monte Carlo simulations (e.g., Anderson, 1976; Hahn & Shapiro, 1967) . For each Monte Carlo TAD, we randomly select (100 ′ ∕̄a vg )∕u ′ xtrack and the phase shift assuming a normal (Gaussian) distribution with a width given by the uncertainty of each observed value. We then use the method described above to determine the intrinsic parameters of each simulated GW (if the simulated TAD is identified as a GW). The result for all of the Monte Carlo GWs are binned as functions of H , z , Ir , c IH , and . For each of these binned functions, we fit a Gaussian to the largest peak; the best-fit Gaussian amplitudes are then the final results for H , z , Ir , c IH , and , and the best-fit values of for these Gaussians are then the final results for the corresponding 1− errors
Ir
, c IH , and , respectively. Note that we VADAS ET AL.
GOCE GRAVITY WAVES OVER THE SOUTHERN ANDES only identify a TAD from Table 1 as a GW if (1) there are at least 10 Monte Carlo GWs in the dominant peak for each parameter, (2) Ir − Ir ∕2 > B , and (3) c IH ≤ c s (see section 4.4). An example of this procedure for a large-scale GW is shown for TAD/GW 3 in Figures 12a-12e . Hundreds of simulated GWs are contained in each dominant peak. An example of this procedure for a medium-scale GW with Ir ∼ N B and an extremely large | z | is shown for TAD/GW 12 in Figures 12f-12j . Although the best-fit values for H , z , Ir , and c IH are unambiguously determined, there are two large peaks in (i.e., at ∼ −180
• and −30 • ); thus, the function for is identified as a bimodal distribution. This occurs because the solution is in the vicinity of the discontinuity region in Figure 10a . Therefore, although we can positively identify TAD 12 as a GW, we cannot unambiguously determine its propagation direction. The results for all of the 17 identified GWs are shown in Table 2 . From left to right, we list the GW #, H , | z |, Ir , c IH , and . No value of is listed for GWs 5, 12, and 17-20 because they had bimodal distributions in . Note that TADs 1, 13, and 15 were unlikely GWs because they did not satisfy the GW dissipative polarization and dispersion relations. Those perturbations may have instead been noise, acoustic waves, and wind perturbations from local GW dissipation and momentum deposition (e.g., Vadas et al., 2014 ).
The GWs from Table 2 are summarized in Figure 13 . Here we do not include the GWs having bimodal distributions in in Figure 13d . The GWs in Figures 13a-13c have a large range of parameters: H ∼ 170-1,850 km, Ir ∼ 11-54 min, and c IH ∼ 245-630 m/s, with the significant correlation that GWs with larger H also have larger Ir and c IH . Importantly, most of the GWs have H < 1, 100 km and Ir < 30 min. From Figure 13d , most of the GWs have large meridional components to their propagation directions, with the majority of those propagating northwestward. This is approximately opposite to the wind direction, since according to Figure 9 , the background wind was mostly eastward (and slightly southward) at z = 277 km withŪ = 141 m/s,V = −22 m/s, and √Ū 2 +V 2 ∼ 143 m/s. Note that GWs 8 and 16 are propagating significantly in the eastward direction. This is because these GWs are close to reflecting downward, with Ir ∼ B ; if they had propagated westward, they would have reflected downward sinceŪ increases with height (Fritts & Vadas, 2008 ).
An important and significant result from Table 2 and Figure 13 is that virtually all of the GWs have intrinsic horizontal phase speeds of >300 m/s. As we show in the next section, a GW cannot have an intrinsic horizontal phase speed that is larger than the sound speed of the fluid through which it is propagating. In an atmosphere dominated by diatomic molecules (which is applicable below the turbopause), the condition is that c IH ≤ 0.9c s (see section 4.4). From Figure 9 , the minimum sound speed below the turbopause is c s = 265 m/s at z ≃ 94-96 km. Thus, the condition c IH ≤ 0.9c s is that c IH ≤ 239m/s in order for a GW to propagate through the bottleneck near the mesopause at z ≃ 94-96 km. This condition is not satisfied for any of the GWs in Table 2 . However, although c H does not change significantly for a relatively fast GW as it propagates through the atmosphere, c IH is highly sensitive to the change in the background horizontal wind; therefore, we must take the background wind into account before we can determine the minimum altitude that each GW could have propagated from. We do this in section 5 via reverse ray tracing.
The Largest Possible Intrinsic Horizontal Phase Speed of a GW
We now show why a GW's intrinsic horizontal phase speed can never be larger than the sound speed of the fluid through which the GW is propagating. From equation (23) medium-or high-frequency GW (i.e., the intrinsic phase speed along the GW propagation direction) when viscosity can be neglected is
The maximum intrinsic horizontal phase speed a GW can have occurs for very large | z | and H , whereby the denominator of equation (33) is a minimum and is dominated by the 1∕4 2 factor. In this limit, equation (33) becomes
(Equation (11) in Vadas & Crowley, 2010) . Plugging the isothermal expressions equations (18) and (19) into equation (34), we obtain
When the atmosphere is dominated by diatomic molecules (i.e., below the turbopause), then = 1.4. When the atmosphere is dominated by monatomic molecules (i.e., at z > 200 km), then = 1.667; in between, increases smoothly from 1.4 to 1.667 (e.g., Vadas, 2007) . Then equation (35) yields
max(c IH ) ≃ 0.98 c s (monatomic molecules).
Therefore, the maximum intrinsic horizontal phase speed a GW can have in the Earth's atmosphere is never larger than the sound speed at that location. This makes sense because an internal linear wave (that propagates via molecular interactions) should not be able to propagate faster than the sound speed. 
Estimation of Source Altitudes and Locations for the GOCE GWs
We now utilize reverse ray tracing to estimate the range of possible source altitudes and locations for the identified GOCE GWs. We use a 3-D GW ray trace model that includes critical level filtering, evanescence, and realistic dissipation in the thermosphere from molecular viscosity and thermal diffusivity (e.g., Vadas, 2007; Vadas & Crowley, 2017) . We forward and reverse ray trace the 11 GOCE GWs from Table 2 for which is known unambiguously. Although each GW was observed over a range of latitudes/longitudes (see Figure 6a ), because we employed the Fast Fourier Transform to extract the GWs from the data, we lost information as to the central location of each GW along GOCE's path. Therefore, we reverse and forward ray trace each GW from an average altitude and location along GOCE's path. For the purposes of ray tracing, then, each GW is assumed to be located at z = 277 km, 64
• W and 40
• S at 23 UT.
We utilize the background atmosphere shown in Figure 9 with given by equation (28) for z = 220 km and = 2. Figure 14a shows the ray trace results for these GWs as functions of altitude and time. The source for each GW is located anywhere along each GW's reverse ray trace "line" (i.e., prior to 23 UT). The colored dot shows the minimum possible altitude for each GW. The minima possible GW altitudes range from 7 to 183 km. Note that if a GW was created prior to the time of its colored dot, then it would have been created as a downward-propagating GW and then would have reflected upward at the time of its colored dot. On the other hand, if a GW was created after the time of its colored dot, then it would have been created as an upward-propagating GW.
In section 6, we show that on this day, MWs were propagating and attenuating over the Southern Andes at z ∼ 65-75 km and were no longer present at z ≥ 80 km. Therefore, the secondary GWs created by the local body forces from MW breaking would have only been created at 5 < z < 80 km, whereas the tertiary GWs would have been created at z > 80 km (Vadas & Becker, 2019) . From Figure 14a , since 10 of these GWs were created at z ≥ 94 km, they were therefore likely tertiary GWs. The eleventh one, GW 10, could have been created at z < 80 km because it had a minimum source altitude of z = 7 km and therefore could have potentially been a primary GW (given the error in the ray tracing). However, this GW reflected upward at z = 7 km whereby m = 0. At z = 7 km,Ū = 23 m/s,V = 0 and 4  ≃ 65km from Figure 9 . Since H ≥ 176 km from Using c s = 311m/s from Figure 9 , this implies that the GW's intrinsic horizontal phase speed at z = 7 km (as it reflected) was c IH = 0.9c s = 280m/s from equation (36). To our knowledge, there is no known wintertime source of primary GWs in the troposphere with such large phase speeds. Therefore, GW 10 was likely a secondary or tertiary GW.
Figure 14a also shows the forward ray trace results for each GW. We calculate each GW's momentum flux using Equation (50) from . A square marks the location where each GW's vertical flux of horizontal momentum (per unit mass), u ′ w ′ , is maximum (dubbed "z diss "). Above this altitude, u ′ w ′ decreases rapidly in altitude because of molecular viscosity (Vadas, 2007) . We see that most of the GWs dissipate within ∼30 min after GOCE observed them at altitudes of z diss ∼ 277-370 km. Figure 14b shows the reverse ray trace results for each GW as functions of longitude and latitude (i.e., prior to 23 UT). The source of each GW is located anywhere along its colored line. The colored dots correspond to the same times/locations as the colored dots in Figure 14a , which indicates the location where each GW could have had its minimum altitude (if it was created at or before the corresponding time in Figure 14a ). Because we chose to reverse ray trace each GW from 64 • W and 40
• S at 23 UT (even though each GW was observed over a range of latitudes/longitudes; see Figure 6a ), all of the colored lines converge at 64 • W and 40
• S at 23 UT in Figure 14b . We see that the possible source locations for these GWs range over a large horizontal area: from over South America to over the Atlantic and Pacific Oceans. Thus, the possible source locations for these GWs span latitudes of 10-65
• S and longitudes of 45-85
• W. This is consistent with the source locations for the secondary and tertiary GWs generated from MW breaking over the Southern Andes (Vadas & Becker, 2019) .
MWs Over the Southern Andes
Because the GOCE hot spot GWs are located over the Southern Andes Mountains, it is reasonable to suspect that orographic GW sources are linked to these hot spot GWs. Therefore, we now determine if MWs were created 5 July 2010, and if so, how far they propagated in the atmosphere before attenuating (if possible). Figure 15 shows the horizontal wind from Modern-Era Retrospective analysis for Research and Applications-2 on 5 July 2010 at 0, 12, and 18 UT. A synoptic-scale weather system is visible over and around the South American continent. These baroclinic Rossby waves move eastward in vortex-like patterns. Below 20 • S, the wind patterns are complex. There is a strong ∼40 m/s southeastward wind on the west side of the Southern Andes mountain range at 22-45 • S at 0, 12, and 18 UT. There is also ∼20 m/s eastward winds at 0 and 18 UT and a ∼20 m/s northeastward wind at 6 UT (not shown) and at 12 UT on central and eastern sides of the continent. This latter wind is quite variable and has a significant northward meridional component at 6 and 12 UT. Note that the mountain range extends across the entire continent longitudinally at the location where the wind is northeastward (∼50 • S). These wind amplitudes are large-enough to excite
MWs. Figure 16 shows vertical profiles of the zonal and meridional wind at 0, 6, 12, and 24 UT. The winter stratospheric polar jet is very strong, with maxima eastward winds of ∼120-140 m/s at z ∼ 50-65 km. This allows for the vertical propagation of strong MWs into the stratosphere and lower mesosphere.
We now look for MWs in measurements from the AIRS instrument on the AQUA satellite. In particular, we examine the radiance from the CO 2 15-μm emission, which is centered at z ∼ 40 km and has a full-width-half-max of ∼12 km. Perturbations of the radiance can reveal GWs (such as MWs) if | z | ≥ 12 km (Alexander & Barnett, 2007; Gong et al., 2012) . Although MWs typically have | z | < 10 km in the troposphere, | z | can increase significantly if the MWs propagate into an oppositely directed wind that increases with altitude, because | z | is proportional to the background wind (e.g., Alexander & Teitelbaum, 2007) . For example, MWs excited by an eastward wind propagate westward in the intrinsic reference frame (although they are stationary in the ground-based reference frame). If the eastward wind increases in the stratosphere (e.g., in the polar night jet), then | z | increases significantly in the lower to middle stratosphere (e.g., ; if | z | ≥ 12 km in the CO 2 15-μm emission layer, then the MW can be observed by AIRS. Additionally, the AIRS radiances are sensitive to GWs with H as small as ∼80 km (Alexander & Teitelbaum, 2007) . Orographic hot spots have been observed with AIRS (e.g., Alexander & Grimsdell, 2013; Hoffmann et al., 2016) .
We calculate the AIRS radiances using the methods from Alexander and Barnett (2007) . Figure 17 shows granule maps of the radiance perturbations on 5 July 2010 at 5 − 6.8 UT and 18.5 − 20.3 UT. A complicated mix of prominent wave perturbations is seen with many different horizontal wavelengths and orientations. In both panels, waves are prominent having phase lines that are nearly parallel to the Southern Andes mountain range on the western side of South America (i.e., southwest to northeast). We now argue that the dominant waves in Figure 17 are likely MWs. First, we note from Figure 16 that the polar night jet is quite strong and eastward; therefore, | z | likely increased significantly for the MWs, thereby allowing them to be detected by AIRS. Next we examine the orientation of the wave phase lines with the mountain range and wind direction. The waves parallel to the Southern Andes and just east of the mountain range (with H ∼ 100 and 275 km) are most likely MWs, because the wind there is steady and southeastward, roughly perpendicular to the mountain chain. It is possible that the GWs at 45 • S have H ∼ 100 km because the mountain chain is narrower there. The other prominent waves have phase lines oriented northwest to southeast (with H ∼ 440 km). These phase lines are roughly perpendicular to the strong northeastward wind at 6 and 12 UT on central and eastern side of the continent. At this location (∼50 • S), the mountain range extends the full longitudinal width of the continent. Therefore, these latter waves are also likely MWs, created by the strong northeastward wind seen in Figure 15 .
We now examine data from SABER. This instrument provides temperature profiles from the lower stratosphere up to the thermosphere (Remsberg et al., 2008) . We find that GWs were present throughout the day on 5 July 2010. Figure 18 shows two example profiles at 1:42 and 22:33 UT at locations where strong MW activity occurred in Figure 17 . Significant GW perturbations with z ∼ 4-6 km and T ′ ∼ 20 K occur at z ∼ 60-80 km, indicating strong GW activity. These temperature perturbations are quite similar to the SABER MW temperature perturbations observed over the South Island of New Zealand; in that case, the perturbations agreed very well with the MW temperature perturbations measured by simultaneous ground-based lidar instruments (Bossert et al., 2015) . Because of the strong MW activity in the AIRS data on 5 July 2010 (see Figure 17 ) as well as the similarity to the results of Bossert et al. (2015) , it is likely that the GW perturbations at z ∼ 60-80 km in Figure 18 are due to MWs. We assume that this is the case here.
Because the MW amplitude peaks at z ∼70 km in Figure 18 and decreases above, it is likely that the MW attenuates at z > 70 km. Indeed, the MW is not visible at z ≥ 80 km. We determine if this MW became convectively unstable using equation (1). Because c H ∼ 0 for MWs, and the background wind over the mountains was mainly eastward, equation (1) spot TADs were GWs and to determine the intrinsic properties and possible sources of the identified hot spot GOCE GWs.
We first extracted the TADs having the 20 largest values of track from the in situ density and cross-track wind perturbations using discrete Fourier transforms. We then searched parameter space to determine if each TAD was a GW using GW dissipative theory that includes realistic viscosity in the thermosphere. We found that 17 of these TADs were GWs, with H = 170-1,850 km, Ir = 11-54 min, c IH = 245-630 m/s, and ′ ∕̄∼ 0.03-7%. Most of the GWs had H < 1, 100 km and Ir < 30 min. We unambiguously determined the propagation direction for 11 of these GWs and found that most had large meridional components to their propagation directions.
We then reverse ray traced these identified hot spot GOCE GWs. We found that the source for 10 of them was in the mesosphere or thermosphere and that the source for the other GW was at z ≥ 7 km. Because this latter GW had an intrinsic phase speed of c IH ≃ 280m/s at z = 7 km, and because there are no known primary GWs with such large phase speeds at the Earth's surface, we argued that this GOCE GW was either a secondary or tertiary GW. Because the former 10 GOCE GWs were created at z ≥ 94 km, we argued that they were tertiary GWs. Here the secondary GWs would have been generated at z ∼ 5-80 km and the tertiary (and higher-order) GWs would have been generated at z > 80 km. This result strongly suggests that the quiet-time GOCE hot spot GWs over the Southern Andes cannot be reproduced by conventional global circulation models that only launch parameterized GWs from the troposphere or lower stratosphere (e.g., Yigit & Medvedev, 2010) ; instead, GW-resolving models that adequately account for the intermittency of the local body forces from primary and secondary GWs are needed.
Our ray trace results also found that the possible source locations for the identified GOCE hot spot GWs include 10-65
• S and 45-85
• W over and surrounding South America. Using AIRS and SABER data, we showed that MWs were present over the Southern Andes on 5 July 2010. We also showed that they likely saturated from convective instability at z ∼ 70-75 km that day and that they were not present at z ≥ 80 km. This is consistent with Trinh et al. (2018) , who used SABER data to show that during June 2010-2013, the GW hot spot over the Southern Andes weakened considerably at z ∼ 75 km and was completely absent at z = 80-90 km (their Figure 2) .
Given the discussion in section 7, we suggest that 10 of the identified GOCE hot spot GWs were likely tertiary (or higher-order) GWs caused by MW breaking and that the other GW was likely a secondary or tertiary (or higher-order) GW caused by MW breaking. This multistep coupling mechanism from orographic MW generation in the winter troposphere to tertiary (or higher-order) GWs in the thermosphere results in the significant transfer of momentum and energy from the troposphere to the thermosphere (Vadas & Becker, 2019) . Future works will investigate this multistep coupling mechanism further.
